Carbocyclic nucleosides, where the ribose ring oxygen has been replaced by a methylene group, appear to be promising antiviral and antitumor agents. Carbovir 1 and other cyclopentenyl nucleosides have been extensively investigated for their potential as anti-human immunodeficiency virus (HIV) agents.
Carbocyclic nucleosides, where the ribose ring oxygen has been replaced by a methylene group, appear to be promising antiviral and antitumor agents. Carbovir 1 and other cyclopentenyl nucleosides have been extensively investigated for their potential as anti-human immunodeficiency virus (HIV) agents. 1) Numerous syntheses of carbovir and other carbocyclic nucleosides have been reported.
2) The most common approach to carbocyclic nucleosides is a convergent synthesis achieved by condenzation of a purine or pyrimidine base with a cyclopentene moiety. The base part is easy to modify 3) but the cyclopentene moiety generally has few functions. Recently, Maag 4) and Meguro 5) reported the anti-HIV activity of various 4Ј-a-substituted nucleosides 2, and the synthesis and biological evaluation of 4Ј-a-substituted carbocyclic nucleosides have also been reported. 6) For example, 4Ј-a-hydroxyl and 4Ј-a-fluoro derivatives 3 have been synthesised starting from aristeromycin, and these show potent anti-herpetic activity.
6a) The most common synthesis of the optically active 4Ј-a-substituted carbocyclic nucleosides is transformation from a natural product such as aristeromycin, and therefore, the functionalization of the cyclopentene moiety is restricted. We wish to report here the chemo-and enzymatic synthesis of optically active intermediates for 4Ј-aalkylcarbovir derivatives 4.
7)
Firstly we tried the asymmetric synthesis of 4. Our synthetic plan is as shown (Chart 1) . (1) The target compounds 4 could be obtained from 5 by the Mitsunobu reaction. (2) The key carbocyclic intermediate 5 may be prepared from 6 via stereospecific Pd-catalyzed allylic rearrangement. (3) The construction of the stereogenic quaternary carbon can be achieved by asymmetric alkylation of the chiral acetal 7.
Asymmetric alkylation of chiral acetal 7 derived from methyl 2-oxocyclopentane-carboxylate 8 and (R,R)-cycloheptane-1,2-diol, 8) was reported to give the alkylated enol ethers 9. 9) Iodoacetalization of the enol ethers 9 using iodine (2 eq) in the presence of triethylamine (1 eq) in tetrahydrofuran (THF) at Ϫ40°C for 12 h gave the iodoacetals 10 as a single diastereomer. The stereochemistry of 10 was determined by nuclear Overhauser effect (NOE) experiments and the observed NOE enhancements of each proton signal upon irradiation of H a and Me protons in 10a are listed in Fig. 2 . On irradiation of H a , H b and H d were enhanced. Furthermore, H e was enhanced on irradiation of the methyl proton. The NOE enhancement patterns of 10b were very similar to those of 10a.
10)
Thus, the S-configuration for the C 3 of 10a was deter-mined as shown in Fig. 2 . Treatment of the iodoacetals 10a-c with 1,8-diazabicyclo[5.4 .0]undec-7-ene (DBU) at 95-100°C for 1 h afforded the cyclopentene derivatives 11a-c. Acid hydrolysis of 11a-c gave the chiral enone esters 12a-c, accompanied by (R,R)-cycloheptane-1,2-diol. Luche reduction 11) of 12a-c using NaBH 4 /CeCl 3 in MeOH gave the hydroxy esters 6a-c in a highly regio-and diastereoselective manner. The stereochemistry of 6a-c was confirmed by NOE experiments after conversion to diol 16a-c (Chart 3). On irradiation of C 1 -H, the methylene protons of the hydroxymethyl group were enhanced (16a: 2.2%, 16b: 2.9%, 16c: 2.3%) but the methylene protons of the R substituent were not. Thus,the S-configuration for the C 1 of 6 was determined. Acetylation of 6 followed by treatment with Pd-catalyst in the presence of benzoquinone in THF gave the desired rearranged products, 12) which were subjected to methanolysis to afford 5c as a single diastereomer. The stereochemistry of 5c was determined by NOE experiments and the observed NOE enhancements of each proton signal, upon irradiation of H a and the methylene protons at the benzyl group in 5c are listed in Fig. 3 . On irradiation of H a , H b was enhanced but H c was not. Furthermore, H c was enhanced on irradiation of the methylene protons of the benzyl group but H b was not. The NOE enhancement patterns of 5a and 5b were very similar to those of 5c. Thus, the S-configuration for the C 4 of 5 was determined as shown in Fig. 3 .
The hydroxy esters 5a-c were converted to the intermediates 14a-c by the following four-step sequence. Protection of the secondary alcohol group in 5a-c with dihydropyranyl (DHP) gave the tetrahydro-pyranyl (THP) ethers which were reduced with LiAlH 4 to give a primary alcohol. Protection of the generated primary alcohol group with tertbutyldiphenylsilyl chloride (TBDPS-Cl) afforded the corresponding TBDPS-ethers which were treated with pyridinium p-toluenesulfonate (PPTS) to provide the desired compounds 14a-c. The Mitsunobu reaction 13) of 14a-c with 2-amino-6-chloropurine followed by desilylation afforded the 6-chloropurine derivatives 15a-c, which were hydrolyzed with 1 N NaOH to provide the target compounds 4a-c in 34-39% yield. The relative stereochemistry of 15a was determined by NOE experiments and the observed NOE enhancements of each proton signal, upon irradiation of H b and H c in 15a are listed in Fig. 4 . On irradiation of H b , C 8 -H and the methylene protons of the hydroxymethyl group were enhanced. Furthermore, H a and the methyl proton were enhanced on irradiation of H c . The NOE enhancement patterns of 15b and 15c were very similar to those of 15a. Thus, the b-configuration for the C 1 of 15 was established as shown in Fig. 4 . The attachment of the carbo-sugar to the base at N 9 is confirmed by the heteronuclear multiple-bond correlation (HMBC) experiment of 15a, 15b and 4c. The important part of the HMBC correlations of 15a is shown in Fig. 5 . The C 4 and C 5 of the 2-amino-6-chloropurine fragment could be assigned as d 154.7 and 125.1 based on long range coupling with C 8 -H, respectively. Furthermore the spectra showed a long range coupling between the C 1Ј -H and the purine carbons C 4 and C 8 .
Next we tried the enantioselective acetylation of the racemic secondary alcohol (Ϯ)-5a-c and (Ϯ)-6a-c with a quaternary carbon. The substrates (Ϯ)-5a-c and (Ϯ)-6a-c were prepared by following steps (Chart 4). Treatment of (Ϯ)-17a-c with trimethylsilyl trifluoromethanesulfonate (TMSOTf) and triethylamine followed by Pd-catalyzed oxidation 14) gave (Ϯ)-12 in 87-91% yield. The cyclopentenones (Ϯ)-12a-c were converted to (Ϯ)-5a-c and (Ϯ)-6a-c according to the above mentioned procedure (Chart 2). Then the enantioselective acetylation of (Ϯ)-5a-c and (Ϯ)-6a-c, using lipase "Amano P" from Pseudomonas sp. in vinyl acetate, was carried out and the results are shown in Tables 1 and 2 . The enantiomeric excess (ee) of the products was determined based on the 1 H-NMR spectra of the corresponding (R)-a-methoxy-a-trifluoromethylphenylacetyl (MTPA) esters. The absolute configuration of the enzymatic reaction products was assigned by comparison with authentic samples. Enzymatic acetylation of (Ϯ)-6a-c gave the acetate (2R)-13a-c (21-30%, 91-96% ee) and the recovered (2S)-6a-c (59-75%, 40-63% ee) ( Table 1 , entry 1-3). Although the ee of (2R)-13a-c was generally high, the reaction rate was slow.
Enzymatic acetylation of (Ϯ)-5a-c gave the acetate (1S,4S)-18a-c (42-57%, 53-92% ee) and the unchanged (1R,4R)-5a-c (39-52%, 69-83% ee) ( Table 2 , entry 1-3). The recovered (1R,4R)-5a-c, having 69-83% ee, were again subjected to the enzymatic reaction to give 91-96% ee of (1R,4R)-5a-c ( Table 2 , entry [4] [5] [6] . Enrichment of ee of (1S,4S)-18a-c (84-99% ee) was also achieved by the repeated enzymatic acetylation of (1S,4S)-5a-c (53-92% ee) ( Table 2 , entry 7-9). Treatment of (1S,4S)-18a-c (84-99% ee) with K 2 CO 3 in MeOH gave (1S,4S)-5a-c (84-99% ee). Thus, both enantiomers of the key intermediate 5a-c ((1R,4R)-5a-c (91-96% ee) and (1S,4S)-5a-c (84-99% ee)) were obtained in high optical purity. The enantioselective acetylation was explained by Cygler's model 15) (Fig. 6 ). This empirical rule generalizes the observed enantioselectivity of lipases in both hydrolysis reactions and transesterifications. The importance of substituent size was reported in studies which showed that lipases resolve secondary alcohols with two similarly-sized substituents poorly, but they resolve these secondary alcohols efficiently when the size of one substituent is increased.
15) In our cases, the great difference between the large substituent (quaternary carbon side) and the medium substituent (olefinic carbon side) in (Ϯ)-6a-c provided a high enantiomeric excess of the acetylated products (1R,2R)-13a-c. In comparison with (Ϯ)-6a-c, the great distance between the quaternary carbon and the reaction site led to lower enantioselectivity, especially in (Ϯ)-5a.
In conclusion, the enantioselective synthesis of 4Ј-a-alkylcarbovir derivatives 4a-c was achieved based on the following two methods. One is asymmetric alkylation of the b-keto ester, the other is enzymatic resolution of the racemic inter- mediate. The optically active cyclopentene derivatives (2S)-6a-c obtained by enzymatic resolution were converted to the target molecules 4a-c in the same way as the asymmetric synthesis. On the other hand, deprotection of the asymmetric acetylation products (1S,4S)-18a-c gave the optically active cyclopentene derivatives 5a-c, which were also converted to the target molecules 4a-c. Although no antiviral activity against HIV-1 was exhibited by the carbocyclic nucleosides 4a-c, the effects of further structural modifications on the antiviral activity in this series need to be investigated.
Experimental
All melting points were measured on a Yanaco MP-3S micro melting point apparatus and are uncorrected.
1 H-and 13 C-NMR spectra were measured at 23°C (internal standard, Me 4 Si) with a JEOL GX 400 or JEOL LA 500 spectrometer. The fast atom bombardment mass spectra (FAB-MS) were obtained with a JEOL JMS-SX 102A or JEOL JMS-DX 303 spectrometer. IR spectra were recorded on a JASCO IR-810 spectrometer. Optical rotations were measured with a JASCO DIP-140 digital polarimeter. UV spectra were recorded on a JASCO Ubest-55 spectrophotometer. For column chromatography, silica-gel (Kieselgel 60) was employed.
Methyl ( General Procedure for the Preparation of 10 A solution of I 2 (2.31 g, 9.1 mmol) in THF (7 ml) was added dropwise to a stirred solution of triethylamine (0.66 ml, 4.8 mmol) and 9 (4.55 mmol) in THF (25 ml) at Ϫ40°C under an Ar atmosphere. After being stirred for 12 h at Ϫ40°C and for an additional 12 h at Ϫ20°C, the reaction was quenched with aqueous 3% sodium thiosulfate, followed by extraction with ethyl acetate. The extracts were washed with brine, dried over MgSO 4 , and concentrated in vacuo. The crude product was purified by column chromatography on silica-gel, the fraction eluted with hexane/ethyl acetate (40 : 1-30 : 1) afforded 10 as a colorless oil.
Methyl ( (99) a) The substrates (1S,4S)-5 (53-92% ee) were obtained by deacetylation of (1S,4S)-18 (53-92% ee). (t), 24.9 (t), 24.9 (t), 22.6 (t), 14. General Procedure for Preparation of 6 NaBH 4 (427 mg, 11.3 mmol) was slowly added to a stirred solution of 12 (7.52 mmol) and CeCl 3 (1.85 g, 7.52 mmol) in MeOH (60 ml) at Ϫ40°C. After 15 min, the reaction was quenched with acetone and H 2 O, and the mixture was diluted with ethyl acetate. The mixture was filtered through celite and the filtrate was concentrated in vacuo. The crude product was purified by column chromatography on silica-gel. The fractions eluted with hexane/ethyl acetate (10 : 1-5 : 1) afforded 6 as a colorless oil.
Methyl (1S,2S)-2-Hydroxy-1-methyl-3-cyclopentenecarboxylate (6a) 86% yield. General Procedure for Preparation of Diol 16 LiAlH 4 (94.9 mg, 2.5 mmol) was slowly added to a stirred solution of 6 (1 mmol) in THF (10 ml) at 0°C. After 15 min, the reaction was quenched with ethyl acetate and H 2 O. The mixture was filtered through celite and the filtrate was concentrated in vacuo. The crude product was purified by column chromatography on silica-gel. (1H, m, C 3 -H 5, 129.4, 128.7, 128.3, 126.7 (each as d, C 3 General Procedure for Preparation of 5 A stirred mixture of the above acetate 13 (5.87 mmol), 1,4-benzoquinone (317 mg, 2.94 mmol) and bis(acetonitrile)dichloropalladium (85 mg, 0.29 mmol) in THF (20 ml) was refluxed for 3-10 h. The reaction mixture was diluted with aqueous 3% sodium thiosulfate and extracted with ethyl acetate. The extract was washed with brine, dried over MgSO 4 and concentrated in vacuo. To a solution of the crude product in MeOH (8 ml) was added K 2 CO 3 (811 mg, 5.87 mmol) and the entire mixture was stirred at r.t. for 1 h. The reaction mixture was diluted with brine and extracted with ethyl acetate. The extracts were washed with brine, dried over MgSO 4 , and concentrated in vacuo. The crude product was purified by column chromatography on silica-gel, and the fractions eluted with hexane/ethyl acetate (10 : 1-6 : 1) afforded 5 as a colorless oil and unreacted 6 (6a: 40%, 6b: 12%, 6c: 15%).
Methyl (1S,4S)-4-Hydroxy-1-methyl-2-cyclopentenecarboxylate (5a) 42% yield. General Procedure for Preparation of 14 A mixture of 5 (2.52 mmol), 3,4-dihydro-2H-pyran (276 mg, 3.28 mmol) and pyridinium p-toluenesulfonate (63 mg, 0.25 mmol) in CH 2 Cl 2 (15 ml) was stirred for 1 h at r.t. The reaction mixture was diluted with brine, and extracted with ethyl acetate. The extract was dried over MgSO 4 , and concentrated in vacuo. To a solution of the crude product in THF (10 ml) was added LiAlH 4 (96 mg, 2.52 mmol) at 0°C and the entire mixture was stirred at r.t. for 0.5 h. The reaction was quenched with ethyl acetate and H 2 O, the mixture was filtered and the filtrate was concentrated in vacuo. A mixture of the crude product, imidazole (515 mg, 7.56 mmol) and TBDPS-Cl (0.98 ml, 3.78 mmol) in DMF (10 ml) was stirred at r.t. for 2 h. The crude mixture was diluted with 5% NaHCO 3 and extracted with ethyl acetate. The extracts were washed with brine, dried over MgSO 4 and concentrated in vacuo. A mixture of the crude product and pyridinium p-toluenesulfonate (63 mg, 0.25 mmol) in MeOH (25 ml) was stirred at r.t. for 3 h. The crude mixture was diluted with 5% NaHCO 3 and extracted with ethyl acetate. The extract was washed with brine, dried over 5, 135.7, 135.6, 133.2, 129.6, 129.6, 127.6, 127.6 m), m), 5.78 (1H, dd, Jϭ6, 2, 5.74 (1H, d, Jϭ6, 140.5, 135.7, 135.7, 133.6, 129.6, 129.6, 127.6, 127.6 (each m, Ph), m, Ph), m, Ph), 5.84 (1H, d, Jϭ6 Hz, C-NMR (CDCl 3 ) d: 138. 5, 133.5, 133.5 (each as s), 139.5, 135.7, 135.6, 134.1, 130.7, 129.7, 129.7, 129.6, 127.9, 127.6, 126.5 (each C 1Ј ), 55.9 (s, C 4Ј ), 37.9 (t, C 5Ј ), 37. 1, 31.9, 30.3, 29.6, 29.6, 29.3, 24.5, 22.7 , 5.26; N, 19.23. Found: C, 59.61; H, 5.03; N, 19.28 .
General Procedure for Preparation of 4 A stirred solution of 15 (0.2 mmol) in 1 M aqueous NaOH (20 ml) was refluxed for 1-3 h. Evaporation of the solvent under reduced pressure provided a crude product which was purified by column chromatography on silica-gel, and the fractions eluted with CHCl 3 /MeOH (10 : 1-8 : 1) afforded 4 as an amorphous solid.
2-Amino-9-[(1R,4S)-4-hydroxymethyl-4-methyl-2-cyclopenten-1-yl]-9H-purine-6(1H)-one (4a) 94% yield. m.p. 287-290°C (dec.). O: C, 51.59; H, 6.14; N, 25.08. Found: C, 51.88; H, 5.98; N, 24. 35.9, 31.2, 29.8, 29.0, 29.0, 28.7, 23.9, 22 .0 (each as t), 13.9 (q, 
